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The TWIK-related spinal cord K ϩ (TRESK) channel is encoded by the KCNK18 gene and is the only Ca 2ϩ -activated two-pore-domain K ϩ (K 2P ) channel (Enyedi et al. 2012; Kang et al. 2004; Sano et al. 2003) . TRESK channels are abundantly expressed in almost all primary afferent neurons in trigeminal ganglion (TG) and dorsal root ganglion (Bautista et al. 2008; Dobler et al. 2007; Lafreniere et al. 2010; Sano et al. 2003; Yoo et al. 2009 ). Previous studies indicate that TRESK is one of the major background K ϩ channels in dorsal root ganglion neurons and controls neuronal excitability under both normal and chronic pain conditions (Dobler et al. 2007 ; Kang and Kim 2006; Liu et al. 2013; Marsh et al. 2012; Plant 2012; Tulleuda et al. 2011) . A frameshift mutation in the human KCNK18 gene that leads to the truncation of TRESK protein has been linked to migraine with aura in a large pedigree (Lafreniere et al. 2010) . The mutant (MT) TRESK subunits do not form functional channels. Moreover, they exert a dominant-negative effect on the currents through wild-type (WT) TRESK channels and result in hyperexcitability of small-diameter TG neurons (Lafreniere et al. 2010; Liu et al. 2013) , suggesting that the frameshift mutation may increase the gain of the neuronal circuit underlying migraine headache. In support of a genotype-phenotype correlation between the TRESK function and migraine susceptibility, the missense TRESK variant A34V identified in a migraine patient but not in the control cohort exhibits the same effect on whole cell TRESK current as the frameshift mutation in Xenopus oocytes (Andres-Enguix et al. 2012) . The TRESK variants R10G, S231P, and A233V have been found in both migraine and control cohorts. None of them affect the magnitude of the TRESK currents in Xenopus oocytes (Andres-Enguix et al. 2012 ).
An outlier is the TRESK C110R (CR) variant. It is present in both migraineurs and unaffected individuals. However, the CR variant forms a nonfunctional channel per se in Xenopus oocytes and exhibits the same dominant-negative effect on WT TRESK currents as the frameshift mutation (Andres-Enguix et al. 2012 ). This calls into question a direct causal relationship between TRESK dysfunction and migraine phenotype (Andres-Enguix et al. 2012; Eising et al. 2013; Lafreniere et al. 2010) . On the other hand, previous works have illustrated the importance of studying migraine-associated gene mutations in neurons involved in migraine pathophysiology (Fioretti et al. 2011; Hullugundi et al. 2014; Liu et al. 2013; Tao et al. 2012; Tottene et al. 2009; van Den Maagdenberg et al. 2004) . While the Xenopus oocyte system is a powerful tool for ion channel research, it may have limitations in predicting the genotype-phenotype correlation between TRESK mutations/variants and migraine susceptibility. We reason that a good starting point is to use cultured TG neurons as a platform, as it is well established that the activation and sensitization of TG neurons that project to meninges and cerebral blood vessels are crucial steps in the onset of headache attacks (Burstein 2001; Goadsby et al. 2009; Pietrobon and Moskowitz 2013; Strassman et al. 1996) .
In the present study, we confirmed that the TRESK CR variant did not form functional channels in human embryonic kidney 293T (HEK293T) cells. This likely resulted from impaired channel gating, as the CR variant did not affect the expression and/or the plasma membrane trafficking of TRESK subunits. When coexpressed with WT mouse TRESK subunits, the CR variant exhibited a dominant-negative effect on the whole cell TRESK currents. Furthermore, we expressed the MT TRESK subunit and the CR variant in cultured mouse TG neurons and investigated their effects on background K ϩ currents and neuronal excitability. We found that both MT and CR subunits reduced the endogenous TRESK currents in TG neurons, but the effect of the CR variant was significantly smaller. Importantly, overexpression of the CR variant did not lead to hyperexcitability of TG neurons as the MT TRESK subunits (Liu et al. 2013) . In one TG subpopulation, overexpression of the CR variant even increased the current threshold to elicit action potential (AP). Taken together, our results indicate a differential effect of the MT TRESK and the CR variant on TG excitability, supporting a potential causal relationship between the frameshift TRESK mutation and migraine susceptibility.
MATERIALS AND METHODS
Animals. All procedures in this study were approved by the Animal Studies Committee at Washington University in St. Louis. The CD-1 breeders were maintained on a 12-h light/dark cycle with constant temperature (23-24°C), humidity (45-50%), as well as food and water ad libitum at the animal facility of Washington University in St. Louis.
Mouse TRESK constructs. The migraine-associated frameshift deletion and the CR variant of human TRESK were introduced into the corresponding region of the mouse TRESK cDNA using the Stratagene QuikChange site-directed mutagenesis kit. The human TRESK CR variant contains the cysteine to arginine substitution at amino acid 110 (Andres-Enguix et al. 2012; Lafreniere et al. 2010) , corresponding to the cysteine to arginine change at amino acid 121 of mouse TRESK subunit (Andres-Enguix et al. 2012) . The enhanced green fluorescent protein (EGFP)-or mCherry-tagged constructs were generated by fusing TRESK CR cDNA in frame at the COOH termini of EGFP and mCherry coding region (EGFP-CR and mCherry-CR), respectively. All coding regions were downstream of the CMV promoter. All PCR-generated cDNA fragments and linker regions were completely sequenced to verify the mutation and to make sure that no additional mutations were introduced. Details of the constructs encoding EGFP-or mCherry-tagged WT and MT TRESK subunits (EGFP-WT, mCherry-WT, EGFP-MT, and mCherry-MT, respectively) were described in a previous study (Liu et al. 2013) .
Cell culture, transfection, and image analysis. HEK293T cells (ATCC) were maintained in six-well plates in DMEM with 10% FBS and were transfected with Lipofectamine 2000 (Invitrogen). One day posttransfection, cells were seeded on Matrigel-coated coverslips. Transfected cells were identified by the EGFP or mCherry fluorescence and were used 2-3 days posttransfection for patch-clamp recordings, immunostaining, or image analysis.
For each set of experiment, the EGFP and mCherry fluorescence intensity was quantified in cells that underwent a parallel experimental procedure and image analysis process. All conditions were identical, except for the DNA constructs. Fluorescent images were captured through a ϫ40 objective (N.A. 1.3) on a Nikon TE2000S inverted epifluorescence microscope equipped with a CoolSnap HQ 2 camera (Photometrics). SimplePCI software (Hamamatsu) was used for image analysis. To measure the expression level of EGFP-or mCherrytagged TRESK proteins, a single cell was specified as a region of interest (ROI). The intensity of EGFP or mCherry signal was determined on a pixel-by-pixel basis and was averaged for each ROI. For each image captured, the mean intensity of the cell-free regions was taken as the background level and was subtracted from the mean intensity in each ROI.
Detection of cell surface TRESK-immunoreactivity in HEK293T cells. HEK293T cells were transfected with EGFP-WT or EGFP-CR TRESK constructs and were reseeded onto coverslips 1 day posttransfection. Two days posttransfection, cells were washed with PBS and were fixed by 4% formaldehyde for 5 min followed by PBS wash. Triton X-100 was omitted in all solutions. The coverslips were incubated in blocking buffer (PBS with 10% normal goat serum) for 1 h and were then incubated with a mouse polyclonal antibody against an extracellular domain of TRESK (1:1,000; Liu et al. 2013) in blocking buffer at 4°C overnight. Following three washes by the blocking buffer (20 min each), the coverslips were incubated with the AlexaFluor 594-conjugated goat anti-mouse secondary antibody (Invitrogen; 1:2,000) in blocking buffer for 1 h and were washed again three times in PBS. The coverslips were mounted with the Crystal Mount medium and stored at 4°C. Transfected cells were identified by the EGFP fluorescence. The fluorescent images were captured and analyzed as described above.
Protein preparation and immunodetection. HEK293T cells were transfected with EGFP-WT, EGFP-MT, or EGFP-CR TRESK constructs and were harvested 2 days posttransfection. Cells were resuspended in Laemmli sample buffer with 10 mM dithiothreitol (BioRad), Cell lysates were briefly sonicated 10 times. The insoluble material was removed by centrifugation at 20,000 g for 10 min at 4°C. The supernatants were stored at 4°C. Proteins (10 l of each sample) were separated on 4 -20% SDS-polyacrylmaide gels (SDS-PAGE; Bio-Rad). For determination of molecular weight, prestained molecular weight ladders (LamdaBio) were loaded along with protein samples. Blots were transferred to PVDF membranes (Bio-Rad) for 1 h at 350 mA. The immunodetection was performed at room temperature. The membranes were incubated in blocking buffer (Li-Cor Biosciences) for 1 h and were then incubated with a monoclonal antibody against the EGFP epitope (Clontech; 1:1,000 diluted in blocking buffer) for 1 h. Following three washes by the blocking buffer (20 min each), the membranes were incubated with the IRDye 700-conjugated anti-mouse secondary antibody (Li-Cor Biosciences; 1:20,000 diluted in blocking buffer) for 1 h and were washed again three times in PBS. Immunoblots were scanned using the Odyssey infrared imaging system (Li-Cor Biosciences).
Primary culture of neonatal mouse TG neurons, transfection, and image analysis. TG tissues were collected from postnatal day 1 mice of either sex and were treated with 5 mg/ml trypsin for 15 min. Neurons were dissociated by triturating with fire-polished glass pipettes and were seeded on Matrigel-coated coverslips. The MEMbased culture medium contained 5% FBS, 25 ng/ml nerve growth factor, and 10 ng/ml glial cell line-derived neurotrophic factor and was replaced every 3 days. Cultured neonatal TG neurons usually grow one to three processes from soma by 2 days in vitro (DIV). Longer culture time (till 5 DIV) does not alter the number or the thickness of the processes but significantly increases the length and the branches of individual processes.
For electrophysiological experiments, TG neurons were transfected with plasmids encoding mCherry protein or mCherry-tagged TRESK subunits at 1 DIV using lipofectamine 2,000. For imaging analysis, TG neurons were transfected with plasmids encoding EGFP-tagged TRESK subunits at 1 DIV. Two days posttransfection, neurons were incubated with 10 g/ml Alexa Fluor 594-conjugated wheat germ agglutinin (AF594-WGA; Invitrogen) for 10 min and washed with PBS for 10 min to delineate the plasma membrane (Jeng et al. 2008; Liu et al. 2013) . Neurons were then fixed by 4% formaldehyde for 5 min followed by PBS wash. The coverslips were mounted with the Crystal Mount medium and stored at 4°C.
Transfected neurons were identified by the EGFP fluorescence. Both EGFP and AF594-WGA images were captured as described above. We manually traced the outer and inner boundaries of the AF594-WGA image of each neuron. The region enclosed by the outer and the inner curves represented total and cytoplasmic ROI, respectively. The region enclosed by the two curves represented the plasma membrane ROI. The area, total fluorescent intensity, and average intensity within the ROI were measured with the Simple PCI software.
Electrophysiology. Transfected HEK293T cells were identified by the EGFP or mCherry fluorescence. Transfected neurons were identified by the mCherry fluorescence and were used between 3 and 5 DIV for patch-clamp recordings. The processes of the transfected neurons would contribute to the space-clamp error. We did not find significant differences between early (3 DIV) and late (5 DIV) recordings within individual experimental groups. Thus the spaceclamp issue was not exacerbated by the prolonged culture time.
Whole cell patch-clamp recordings were performed at room temperature with a MultiClamp 700B amplifier (Molecular Devices). The recording chamber was perfused with Tyrode solution (0.5 ml/min) containing the following (in mM): 130 NaCl, 2 KCl, 2 CaCl 2 , 2 MgCl 2 , 25 HEPES, 30 glucose, pH 7.3 with NaOH, and 310 mosmol/ kgH 2 O. The pipette solution contained the following (in mM): 130 K-gluconate, 7 KCl, 2 NaCl, 0.4 EGTA, 1 MgCl 2 , 4 ATP-Mg, 0.3 GTP-Na, 10 HEPES, 10 Tris-phosphocreatine, 10 U/ml creatine phosphokinase, pH 7.3 with KOH, and 290 mosmol/kgH 2 O. Recording pipettes had Ͻ4.5 M⍀ resistance. pClamp 10 (Molecular Devices) was used to acquire and analyze data. Cell capacitance and series resistance were constantly monitored throughout the recording. Data were analyzed with the Clampfit (Molecular Devices) and Origin (OriginLab) software.
Voltage-clamp experiments. Series resistance (Ͻ15 M⍀, average 11 Ϯ 1 M⍀) was compensated by 80%. Current traces were not leak subtracted. Signals were filtered at 2 kHz and digitized at 20 kHz. To measure the current-voltage relationships (I-V curves) of TRESK K ϩ channels, HEK293T cells were held at Ϫ60 mV. Command steps from Ϫ100 to ϩ100 mV (10-mV increments) were applied for 500 ms, and then the cell was repolarized back to Ϫ60 mV. For each cell, the peak current was normalized by the membrane capacitance (a measure of cell surface area) to reflect current density.
We also recorded background K ϩ currents from transfected smalldiameter (15-25 m) TG neurons between 3 and 5 DIV. The extracellular solution contained 1 M tetrodotoxin (TTX) to inhibit TTXsensitive Na ϩ currents (Bautista et al. 2008; Liu et al. 2013; Tulleuda et al. 2011) . Neurons were held at Ϫ60 mV and were depolarized to Ϫ25 mV for 150 ms, and then the potential was ramped to Ϫ135 mV at 0.37 mV/ms every 10 s (Dobler et al. 2007; Liu et al. 2013; Tulleuda et al. 2011 ). We measured the outward currents at the end of the Ϫ25-mV depolarizing step. This minimized the transient voltagegated K ϩ currents (Dobler et al. 2007 ). The fast TTX-resistant Na ϩ currents were also completely inactivated at the end of 150-ms depolarization (Liu et al. 2013 ). Depolarization to Ϫ25 mV only evokes very small high-voltage-activated Ca 2ϩ currents, most of which are inactivated at the end of 150-ms depolarization (Tao et al. 2012) . At Ϫ60-mV holding potential, the majority of low-voltageactivated T-type Ca 2ϩ channels are inactivated (Perez-Reyes 2003) and thus do not contribute to the currents evoked by Ϫ25-mV depolarization. To further dissect background K ϩ currents through TRESK channels, we bath-applied 30 M lamotrigine (Sigma) while evoking whole cell currents using this pulse protocol (Kang et al. 2008; Liu et al. 2013; Tulleuda et al. 2011) .
Current-clamp experiments. Series resistance (Ͻ15 M⍀) was not compensated. Signals were filtered at 10 kHz and digitized at 100 kHz. After whole cell access was established, membrane capacitance was determined with amplifier circuitry. The amplifier was then switched to current-clamp mode to measure resting membrane potential (V rest ). The input resistant (R in ) was calculated by measuring the membrane potential change in response to a 20-pA hyperpolarizing current injection from V rest . Neurons were excluded from analysis if the V rest was higher than Ϫ40 mV or R in was smaller than 200 M⍀.
To test neuronal excitability, neurons were held at V rest and were injected with 1-s depolarizing currents in 25-pA incremental steps. The rheobase was defined as the minimum amount of current required to elicit at least 1 AP. The first AP elicited using this paradigm was used to measure AP threshold (the membrane potential at which dV/dt exceeds 10 V/s), amplitude, and half-width. The amplitude of afterhyperpolarization (AHP) was measured from the single AP elicited by injecting a 1-ms depolarizing current in 200-pA incremental steps from the V rest .
At the end of each electrophysiological recording, neurons were incubated with 3 g/ml FITC-conjugated isolectin B4 (IB4; Sigma) for 5 min. The FITC fluorescence on soma membrane was detected after 10-min perfusion to wash off unbound IB4. The recording pipette remained attached to the neurons during IB4 staining and washing. The V rest , R in , capacitance, series resistance, and leak currents were not significantly altered after IB4 staining.
Statistical analysis. All data are reported as means Ϯ SE. The normality of each data set was assessed by 2 -test. Statistical significance was assessed by two-tailed t-test, one-way ANOVA with post hoc Bonferroni test or two-way repeated-measures (RM) ANOVA with post hoc Bonferroni test where appropriate. Differences with P Ͻ 0.05 were considered to be statistically significant.
RESULTS

Dominant-negative effect of the TRESK CR variant on whole cell K
ϩ currents in HEK293T cells. Our previous study shows that the migraine-associated frameshift mutation has a similar dominant-negative effect on whole cell currents through human and mouse TRESK channels (Liu et al. 2013) . Here, we introduced the human TRESK CR variant into the corresponding region of the mouse TRESK cDNA and tested whether the variant has a similar effect on human and mouse TRESK channels. The variant is localized in the first pore-forming loop, a region adjacent to the selectivity filter and is also implicated in K 2P channel gating (Fig. 1A) (Brohawn et al. 2012; Mathie et al. 2010; Miller and Long 2012; Piechotta et al. 2011) . We tagged the WT, MT, and CR TRESK subunits with EGFP or mCherry at the NH 2 terminus so as to study the effects of the CR variant on the biophysical properties as well as the expression level of TRESK channels. Previous studies indicate that the NH 2 -terminal EGFP or mCherry tag does not affect the properties of WT and MT TRESK channels (Guo and Cao 2014; Liu et al. 2013) .
First, we expressed EGFP-tagged WT, MT, and CR TRESK subunits in HEK293T cells and prepared protein lysates in the presence of reducing agent dithiothreitol (10 mM). Using an EGFP antibody to analyze the immunoblot, we detected no signal from untransfected cells (Fig. 1B) . Proteins from cells expressing EGFP-WT and EGFP-CR subunits exhibited closely migrating doublet bands near the 75-kDa molecular mass marker, consistent with the predicted molecular mass of EGFP-WT and EGFP-CR monomer (73 kDa; Fig. 1B) . Lysates The molecular mass markers are indicated at left. The variation in signal intensity likely results from different cell density and/or transfection efficiency between samples. C: representative current records from HEK293T cells expressing mCherry protein or various types of tagged TRESK subunits as indicated above. Transfected cells were held at Ϫ60 mV and were subject to 500-ms voltage steps from Ϫ100 to ϩ100 mV (10-mV increments, every 10 s) and then repolarized back to Ϫ60 mV. D and E: current-voltage relationships (I-V) curves of peak TRESK current densities in HEK293T cells expressing mCherry protein or various types of TRESK subunits (the same recording protocols as in C, n ϭ 8 -14 cells in each group). F: TRESK current densities at ϩ60 mV (the same cells as in D; one-way ANOVA with post hoc Bonferroni test; ***P Ͻ 0.001 and^^^P Ͻ 0.001, compared with the EGFP-WT and mCherry groups, respectively; ##P Ͻ 0.01, compared with the mCherry-CR group). G: TRESK current densities at ϩ60 mV (the same cells as in E; one-way ANOVA with post hoc Bonferroni test; ***P Ͻ 0.001, compared with the mCherry-WT group; ##P Ͻ 0.01).
from cells expressing EGFP-MT subunits displayed doublet bands slightly higher than the 48-kDa marker, also corresponding to the predicted size of the EGFP-MT monomer (50 kDa; Fig. 1B) . The doublet bands are likely caused by the EGFP tag (Aronson et al. 2011) .
Next, we recorded whole cell K ϩ currents through WT and CR TRESK channels in HEK293T cells. Cells expressing mCherry proteins exhibited very small background leak current densities (21 Ϯ 2 pA/pF at ϩ60 mV; Fig. 1, C, D, and F) . Cells expressing EGFP-WT and mCherry-WT TRESK channels showed large outwardly rectifying whole cell K ϩ currents, with 211 Ϯ 19 and 200 Ϯ 25 pA/pF current density at ϩ60 mV (Fig. 1, C-G) , respectively. The I-V curves were typical of background K ϩ channels (Fig. 1, D and E) (Guo and Cao 2014; Kang et al. 2004; Lafreniere et al. 2010; Liu et al. 2013; Sano et al. 2003) . In contrast, cells expressing EGFP-CR and mCherry-CR TRESK channels only exhibited very small outward K ϩ currents (32 Ϯ 3 and 34 Ϯ 7 pA/pF at ϩ60 mV, respectively), similar to those of the mCherry-expressing cells (Fig. 1, C-G) . Thus the CR variant resulted in a complete loss of currents through both human and mouse TRESK channels (Andres-Enguix et al. 2012) .
A TRESK channel consists of two subunits. The CR variant may form dimer with WT subunits (WT-CR) and exert a dominant-negative effect on whole cell TRESK currents. To mimic the expression of TRESK from two alleles in human cells, we cotransfected HEK293T cells with plasmids encoding EGFP-WT and mCherry-CR TRESK subunits at a 1:1 molar ratio and observed a 64% reduction of the whole cell TRESK current density from 211 Ϯ 19 pA/pF at ϩ60 mV in the EGFP-WT group to 76 Ϯ 7 pA/pF in the mCherry-CR ϩ EGFFP-WT group (P Ͻ 0.001, one-way ANOVA with post hoc Bonferroni test; Fig. 1, C, D, and F) . The decrease of current density was unlikely caused by the different amount of EGFP-WT plasmids used for transfection (4 g in EGFP-WT and 2 g in mCherry-CR ϩ EGFFP-WT groups), as we have previously shown that varying the amount of plasmid DNA did not affect the size of WT TRESK current density (Liu et al. 2013 ). The CR variant-induced TRESK current reduction reached 70% when we subtracted the mean leak current density through endogenous channels (21 Ϯ 2 pA/pF at ϩ60 mV; Fig.  1F ) from total outward current densities in individual transfected cells. This is close to the predicted 75% current reduction assuming that the WT-CR heterodimeric channel is nonfunctional. Coexpression of EGFP-WT with mCherry-MT subunits resulted in a similar magnitude of whole cell current density reduction from 211 Ϯ 19 pA/pF at ϩ60 mV in the EGFP-WT group to 72 Ϯ 9 pA/pF in the mCherry-MT ϩ EGFP-WT groups (P Ͻ 0.001; Fig. 1, C, D, and F) .
To further rule out the effects of EGFP and/or mCherry tags on channel activity, we conducted the reciprocal experiment, comparing TRESK current densities in cells expressing mCherry-WT alone with cells coexpressing mCherry-WT and EGFP-CR TRESK subunits. Once again, we found that expression of the EGFP-CR TRESK subunits lead to a 64% reduction of the whole cell TRESK current density from 200 Ϯ 25 pA/pF at ϩ60 mV in the mCherry-WT group to 71 Ϯ 9 pA/pF in the EGFP-CR ϩ mCherry-WT group (P Ͻ 0.001, one-way ANOVA with post hoc Bonferroni test; Fig. 1, E and G) . Taken together, we conclude that the TRESK CR variant exhibits a dominant-negative effect on whole cell currents through mouse TRESK channels, similar to the migraine-associated MT TRESK. Our results are consistent with previous studies in Xenopus oocytes using human TRESK as the backbone (Andres-Enguix et al. 2012; Lafreniere et al. 2010) .
The CR variant does not affect the total expression level and/or the plasma membrane trafficking of TRESK channels in HEK293T cells. To study the effects of the CR variant on TRESK expression and/or trafficking, we transfected HEK293T cells with EGFP-and mCherry-tagged TRESK constructs at a 1:1 ratio. Both WT and CR TRESK subunits were localized on the plasma membrane as well as in the intracellular organelles ( Fig. 2A) . There was a substantial overlap between the EGFP and mCherry signals in cells coexpressing EGFP-WT and mCherry-CR TRESK subunits or, reciprocally, coexpressing mCherry-WT and EGFP-CR TRESK ( Fig. 2A) , suggesting that WT and CR TRESK subunits may colocalize and coassemble with each other to form nonfunctional channels in HEK293T cells.
We went on to quantify the expression level of WT TRESK and the CR variant. The level of total EGFP-CR TRESK fluorescence intensity was comparable to that of EGFP-WT TRESK (Fig. 2B) . Coexpression of mCherry-CR variant did not affect the level of total EGFP-WT TRESK fluorescence intensity (Fig. 2B) . We also quantified the expression level of mCherry-WT and mCherry-CR TRESK subunits and obtained similar results (Fig. 2, A and C) .
We then tested whether the CR variant affects the trafficking of TRESK subunits to the plasma membrane, using a mouse polyclonal antibody against an epitope on the first extracellular loop of the mouse TRESK protein. We have previously shown that the antibody specifically recognizes TRESK channels on the plasma membrane with a good signal-to-noise ratio (Liu et al. 2013 ). Here, we used this antibody to detect the level of TRESK subunits on the plasma membrane in nonpermeabilized HEK293T cells expressing EGFP-WT or EGFP-CR TRESK subunits (Fig. 2D) . The fluorescence intensities of EGFP signal and TRESK-immunoreactivity (TRESK-ir) correspond to the level of total and plasma membrane TRESK subunits, respectively. The ratio of TRESK-ir intensity to EGFP intensity in individual cells indicates the efficiency of plasma membrane trafficking of the TRESK subunits. As shown in Fig. 2E , there is no difference between the WT and CR TRESK subunits in the levels of EGFP signal, surface TRESK-ir intensity, or the surface-to-total TRESK ratio, indicating that the CR variant does not affect the total expression level and/or the plasma membrane trafficking of TRESK channels in HEK293T cells.
The CR variant exhibits a weaker dominant-negative effect on the endogenous TRESK currents in small-diameter TG neurons than MT TRESK subunits. Here, we tested whether the CR variant and the MT TRESK exhibit similar dominantnegative effects on the endogenous TRESK currents in smalldiameter (15-25 m) TG neurons. The majority of small TG neurons are primary nociceptors (Harper and Lawson 1985a,b) , with a small subset representing the C-low threshold mechanorecepetors (Lawson et al. 1997; Seal et al. 2009 ). We overexpressed mCherry-tagged MT and CR TRESK subunits in TG neurons. To dissect currents through TRESK channels, we blocked TTX-sensitive Na ϩ currents and minimized other transient voltage-gated K ϩ , Na ϩ , and Ca 2ϩ currents by depolarizing neurons from Ϫ60-mV holding potential to Ϫ25 mV for 150 ms. Currents measured at the end of the depolarizing step were predominantly outward K ϩ currents (Bautista et al. 2008; Dobler et al. 2007; Guo and Cao 2014; Liu et al. 2013; Tulleuda et al. 2011 ). Next, we measured the outward currents before and after bath application of 30 M lamotrigine, which inhibits 70% of the outward current in HEK293T cells expressing mouse TRESK channels (Guo and Cao 2014). Of note, lamotrigine at this concentration did not significantly reduce the outward current in TG neurons from TRESK knockout mice (Guo Z and Cao YQ, unpublished observations), validating that TRESK channels mediate the lamotrigine-sensitive current in TG neurons under our recording conditions.
In TG neurons expressing mCherry protein, ϳ30% of the outward currents were inhibited by lamotrigine (Fig. 3, A and B) . The fraction of lamotrigine-sensitive currents was significantly lower in TG neurons overexpressing mCherry-CR TRESK subunits (20 Ϯ 2%; P Ͻ 0.001, compared with the mCherry group, one-way ANOVA with post hoc Bonferroni test; Fig.  3B ), indicating that the CR variant reduced the endogenous TRESK currents by 30%. On the other hand, lamotrigine only blocked 13 Ϯ 2% of the outward currents in TG neurons overexpressing mCherry-MT TRESK subunits (P Ͻ 0.001, compared with the mCherry group; Fig. 3B ), which translates to Ͼ50% reduction of the endogenous TRESK currents. We conclude that both the CR variant and the MT subunit exert a dominant-negative effect on the endogenous TRESK currents in wild-type TG neurons. However, the effect of the CR variant is significantly weaker than that of the truncated MT TRESK subunits (P Ͻ 0.05, between mCherry-CR and mCherry-MT groups; Fig. 3B ). The density of the total outward K ϩ current at the end of the depolarizing step was highly variable between individual neurons. The mean values were not statistically different among the three groups (data not shown).
The weaker dominant-negative effect of the CR variant could result from its lower expression level and/or less efficient plasma membrane trafficking than MT TRESK in TG neurons. To test this possibility, we compared total and plasma membrane expression of CR and MT TRESK subunits in TG neurons. We expressed EGFP-CR and EGFP-MT subunits in cultured TG neurons and monitored EGFP fluorescence in the soma. In both groups, the EGFP fluorescence was localized on the plasma membrane as well as aggregated intracellularly. The latter likely represented newly synthesized TRESK subunits in the intracellular organelles (Fig. 4A) (Liu et al. 2013) . Quantitative analysis showed a comparable level of total somatic EGFP fluorescence intensity in TG neurons expressing EGFP-CR and EGFP-MT subunits (Fig. 4B) , indicating that the expression levels of CR and MT TRESK subunits were comparable in TG neurons.
Next, we examined whether CR and MT TRESK subunits differ in trafficking to the plasma membrane. We did not use the TRESK antibody in this set of experiment as the antibody does not discriminate between the endogenous and exogenous TRESK subunits. Instead, we stained the neurons briefly with AF594-WGA to delineate the plasma membrane ROI (Fig. 4A ) (Jeng et al. 2008; Liu et al. 2013 ). This allowed us to estimate the amount of TRESK subunits on the plasma membrane. One caveat is that, due to the resolution limit of light microscope, the ROI defined by AF594-WGA signal could also contain some signal from TRESK present in submembrane vesicles. We found that the mean EGFP intensity in the ROI was comparable between the MT and CR groups (Fig. 4C) , indicating a similar steady-state plasma membrane level of MT and CR subunits. The plasma membrane vs. cytosol ratio of EGFP-MT and EGFP-CR subunits was also similar (Fig. 4D) , suggesting that the efficiency of plasma membrane trafficking does not differ between the MT and CR TRESK subunits. Other mechanisms may underlie the differential dominantnegative effect of the TRESK CR variant and MT subunits in TG neurons.
Overexpression of the TRESK CR variant does not increase the excitability of small-diameter TG neurons.
Here, we used current-clamp recording to investigate whether overexpression of the mCherry-CR TRESK subunits affects the passive and active electrophysiological properties of small-diameter TG neurons. To account for the heterogeneity of TG neurons, we further divided TG neurons based on their ability to bind to fluorescently labeled IB4 at the end of each current-clamp recording. It is well documented that the small IB4-positive and IB4-negative primary afferent neurons exhibit distinct neurochemical, anatomical, and electrophysiological properties and may encode different pain modalities (Cavanaugh et al. 2009; Choi et al. 2007; Liu et al. 2013; Scherrer et al. 2009; Snider and McMahon 1998; Stucky and Lewin 1999) .
In small IB4-negative TG neurons, overexpression of the TRESK CR variant did not alter the V rest and R in (Table 1) , consistent with previous studies suggesting that there is little endogenous TRESK channel activity when membrane potential is at or below the V rest (Dobler et al. 2007; Liu et al. 2013) . To determine the rheobase (the minimum amount of current required to elicit at least 1 AP), we held the transfected neurons at V rest and injected 1-s depolarizing currents at 25-pA incremental steps. Surprisingly, the rheobase of TG neurons expressing mCherry-CR was not statistically different from that of control neurons expressing mCherry protein (111 Ϯ 11 and 91 Ϯ 10 pA, respectively; P ϭ 0.38, one-way ANOVA with post hoc Bonferroni test; Fig. 5, A and B, and Table 1 ), despite the fact that the CR variant significantly reduced the endogenous TRESK currents (Fig. 3B) . The values of the AP threshold, amplitude, half-width, and AHP amplitude were not affected by the TRESK CR variant either (Table 1) . In a parallel experiment, we confirmed the results from our previous study (Liu et al. 2013 ) that overexpression of the mCherry-MT TRESK subunits resulted in a significant reduction of the rheobase in small IB4-negative TG neurons (50 Ϯ 6 pA; P Ͻ 0.05, compared with the mCherry group; Fig. 5, A and B, and Table 1 ).
Does overexpression of the TRESK CR variant alter the spike frequency of small IB4-negative TG neurons? In control neurons expressing mCherry protein, the number of APs increased almost linearly to incremental depolarizing current injections (Fig. 5C) . Overexpression of the mCherry-MT TRESK subunits significantly increased the number of APs evoked by suprathreshold current injections (P Ͻ 0.05, between mCherry and mCherry-MT groups, two-way RM ANOVA; Fig. 5C ), consistent with our previous findings (Liu et al. 2013 ). On the contrary, overexpression of the TRESK CR variant did not alter the spike frequency of small IB4-negative TG neurons (P ϭ 0.3, between mCherry and mCherry-CR groups, two-way RM ANOVA; Fig. 5C ). Both the rheobase and spike frequency of neurons overexpressing the TRESK CR variant were significantly different from those of neurons expressing the MT TRESK subunits, respectively ( Fig. 5 and Table 1 ). Thus unlike the migraine-associated MT TRESK, the CR variant does not affect the excitability of small IB4-negative TG neurons.
We went on to examine the effect of the TRESK CR variant on the excitability of small IB4-positive TG neurons. In agreement with previous studies on the distinct electrophysiological properties of small IB4-negative and IB4-positive primary afferent neurons (Choi et al. 2007; Fang et al. 2006; 2013), we found that the control small IB4-positive TG neurons had a significantly higher rheobase (P Ͻ 0.05, two-tailed t-test; Table 1 ) and a much flatter input-output curve relative to the control small IB4-negative TG neurons (P Ͻ 0.05, two-way RM ANOVA between mCherry groups; Figs. 5C and 6C). Overexpression of the TRESK CR variant did not alter the V rest of small IB4-positive TG neurons (Table 1) . Interestingly, the rheobase of TG neurons expressing mCherry-CR subunits was significantly higher than that of control neurons expressing mCherry protein (172 Ϯ 18 and 125 Ϯ 8 pA, respectively, P Ͻ 0.05, two-tailed t-test; Fig. 6 , A and B, and Table 1 ). On the other hand, overexpression of the TRESK CR variant did not significantly alter the spike frequency of small IB4-positive TG neurons (P ϭ 0.09, two-way RM ANOVA; Fig. 6C ), even after we normalized the injected current to the rheobase of individual neurons (P ϭ 0.09, two-way RM ANOVA; Fig. 6D ) nor did it affect the AP threshold, amplitude, half-width, and AHP amplitude in this TG population (Table 1) . We conclude that the TRESK CR variant decreases the excitability of small IB4-positive TG neurons mainly through increasing the current threshold for AP generation, opposite to the effects of the MT TRESK subunits in this TG subpopulation (Liu et al. 2013 ).
DISCUSSION
In this study, we investigated whether there might be a causal relationship between TRESK channel dysfunction and migraine susceptibility. We introduced the migraine-associated frameshift mutation and the CR variant into the mouse TRESK subunits and tested them in HEK293T cells. Neither MT nor CR TRESK subunits form functional channels per se. Moreover, they exert a similar dominant-negative effect on WT TRESK subunits, likely through forming heterodimeric channels with the WT TRESK subunits (Liu et al. 2013) . Coexpression of either MT or CR subunits with WT TRESK reduces whole cell TRESK currents by ϳ70% (Fig. 1) , close to the predicted 75% current reduction assuming that both WT-CR and WT-MT heterodimeric channels are nonfunctional. The cysteine to arginine substitution in the first pore domain occurs in a region that is close to the selectivity filter and has been implicated in K 2P channel gating (Mathie et al. 2010) . The effect of the CR variant likely results from impaired channel gating, as the expression level and/or the plasma membrane trafficking of the CR variant is not altered in HEK293T cells (Fig. 2) . Our results obtained in HEK293T cells are in com- plete agreement with a previous study in Xenopus oocytes (Andres-Enguix et al. 2012) indicating that the MT and CR TRESK subunits exhibited the same effects on TRESK currents in heterologous expression systems. On the contrary, the CR variant exhibited a significantly weaker dominant-negative effect on whole cell TRESK current than the MT TRESK subunit when expressed in cultured TG neurons (Fig. 3) . This is unlikely due to an insufficient expression of the CR variant in TG neurons, as the transfected TG neurons on average express twice the amount of exogenous TRESK subunits as the endogenous channels in a previous study (Guo and Cao 2014) . Moreover, the total and plasma membrane levels of the CR variant are comparable to those of the MT subunits in transfected neurons, respectively (Fig. 4) . On the other hand, the MT TRESK subunit is a truncated protein and the CR variant contains one amino acid change. The two proteins may exhibit different posttranslational modifications in TG neurons. One possibility is that the WT-CR heterodimer may be less stable than the WT-WT and/or WT-MT channels in TG neurons. This would account for the milder dominant-negative effect of the CR variant. Another possibility is that the WT-CR heterodimeric channels may be nonfunctional in Xenopus oocytes and HEK293T cells but may conduct small but significant K ϩ outflow in TG neurons. It is well established that the activity of TRESK channels can be modulated by pH, the intracellular Ca 2ϩ level, as well as other signaling pathways (Enyedi et al. 2012 ). The gating of the WT-CR channels may be differentially modulated in HEK293T cells and TG neurons. Conversely, the MT TRESK subunit is truncated in the second transmembrane domain (Lafreniere et al. 2010) . The WT-MT heterodimeric channels may lack a functional pore and therefore are nonfunctional in both HEK293T cells and TG neurons. All in all, more experiments are needed to understand the mechanisms underlie the differential effect of the MT and CR subunits on endogenous TRESK currents in TG neurons. Whether and how MT and CR TRESK subunits affect the size of total background K ϩ currents in TG neurons also merit further study.
One advantage of studying the function of MT and CR subunits in cultured TG neurons is that it allows us to directly compare their effects on TG excitability. The cell bodies of the primary afferent neurons in the neuronal circuit underlying migraine headache are predominantly localized in the TG. Activation and sensitization of these neurons are important steps in the initiation of headache attacks (Burstein 2001; Goadsby et al. 2009; Harriott and Gold 2009; Pietrobon and Moskowitz 2013; Strassman et al. 1996; Yan et al. 2013) . Many triggers of migraine in human also activate TG meningeal nociceptors in rodents (Levy and Strassman 2004; Strassman et al. 1996; Zhang et al. 2010) . Furthermore, mutations of the P/Q-type voltage-gated Ca 2ϩ channel associated with familial hemiplegic migraine type-1 cause hyperexcitation of TG neurons, suggesting that migraine headache may result from abnormal membrane conductance changes of the primary af- ferent neurons in TG (Fioretti et al. 2011; Hullugundi et al. 2014; Tao et al. 2012) . We reason that the effects of TRESK mutations/variants on TG excitability would be a better predictor of their contributions to migraine susceptibility, relative to their effects on TRESK currents in heterologous expression systems. Consistent with our previous study (Liu et al. 2013) , overexpression of MT TRESK subunits resulted in hyperexcitation of small IB4-negative TG neurons. On the contrary, overexpression of the CR variant did not alter the excitability of this TG population (Fig. 5) . Previous studies indicate that there is an inverse correlation between the endogenous TRESK channel activity and primary afferent neuronal excitability (Dobler et al. 2007; Guo and Cao 2014; Lennertz et al. 2010; Liu et al. 2013; Tulleuda et al. 2011) . Our results suggest that the level of endogenous TRESK activity can effectively maintain TG excitability in wild-type neurons. A moderate decrease of the TRESK current by the CR variant is well tolerated. Hyperexcitation only occurs as the result of a substantial reduction of the endogenous TRESK activity, for example, by the migraineassociated frameshift mutation. This is a critically important finding, as the functional consequence of the MT and CR TRESK subunits in small IB4-negative TG neurons is different from what was observed in oocytes or HEK293T cells. This may explain why the frameshift mutation is found exclusively in migraineurs, whereas the CR variant is seen in both migraineurs and unaffected individuals.
In small IB4-positive TG neurons, overexpression of the CR variant did not affect the spike frequency but significantly increased the current threshold to elicit AP (Fig. 6 ). This is opposite to the effects of the frameshift mutation, which decreases the rheobase as well as increases the spike frequency in this TG population (Liu et al. 2013) . Again, the differential effects of the MT and CR TRESK subunits in small IB4-positive TG neurons implicate a causal role of MT TRESK in migraine pathogenesis. Future studies are necessary to clarify the mechanisms responsible for the unexpected effect of the CR variant in small IB4-positive TG neurons. One possibility is that other background K ϩ currents may overcompensate for the reduction of endogenous TRESK currents caused by the CR variant, thereby resulting in a higher rheobase.
Our results support a potential causal relationship between the frameshift TRESK mutation and migraine susceptibility. They also stress the value of cultured TG neurons as a platform for systematically investigating the contribution of ion channel mutations to migraine pathophysiology. That said, overexpressing channel subunits in cultured TG neurons from neonatal mice is a good starting point, but by no means an ideal way, to elucidate the genotype-phenotype correlations in migraine headache. Another caveat is that we have studied the functional consequences of the frameshift mutation and the CR variant in the context of mouse TRESK subunit, which shares 65% overall amino acid identity with the human TRESK. Although our results with the mouse MT and CR TRESK subunits in HEK293T cells agree completely with those of the studies using the human MT and CR TRESK subunits in Xenopus oocytes (Andres-Enguix et al. 2012; Lafreniere et al. 2010; Liu et al. 2013) , it is possible that the frameshift mutation and/or the CR variant affect human and mouse TRESK channels differently in neurons. Given the limitation of the experimental system, our data should be interpreted with caution. More experiments are needed to study the functional significance of TRESK mutations/variants expressed at the endogenous level in mature neurons in the intact circuit underlying migraine headache.
In summary, our data show that the CR variant causes a smaller reduction of the endogenous TRESK currents in TG neurons than the migraine-associated frameshift mutation. Consequently, only the MT TRESK subunit, but not the CR variant, results in hyperexcitability of small-diameter TG neurons. Our results suggest a possible causal relationship between the TRESK frameshift mutation and a higher susceptibility of migraine headache.
